A catalytic protocol for the base-mediated amidation of unactivated esters with amino alcohol derivatives is reported. Investigations into mechanistic aspects of the process indicate the reaction involves an initial transesterification, followed by an intramolecular rearrangement. The reaction is highly general in nature, and can be extended to include the synthesis of oxazolidinone systems through use of dimethyl carbonate.
Introduction
The amide bond is a pivotal functional group from consideration of both chemistry and biology. 1, 2 In an industrial context, formation of the amide bond represents the single largest subset of all reactions conducted in medicinal chemistry laboratories, 3, 4 which further underlines the importance of this ubiquitous functionality. Accordingly, considerable investment has been made in the development of synthetic methodology which enables this transformation in a mild and efficient manner, and a broad palette of reagents has now emerged from these efforts. 5 Having stated this, the majority of reagents currently available to facilitate amide bond formation are stoichiometric in nature, and the poor atom economy associated with their use has prompted calls for their replacement by more efficient and sustainable alternatives. 6 Given the urgent requirement to address this important issue, a number of catalytic approaches to amide bond formation have emerged in recent years. 7 For example, these methods include the use of transition metal catalysts, 8, 9, 10 boron-derived species, 11, 12, 13 or enzymes. 14 Although many of these catalytic processes have wide utility, they are often associated with some limitations, including use of high temperatures, unsustainable rare earth metals, or extended reaction times.
We recently reported a base-mediated process for the catalytic preparation of amides from esters and amino alcohol derivatives. 15 Through a combination of reaction screening where we explored a range of organic and inorganic bases and application of Design of Experiments optimization methods, 16 it was possible to develop a mild, efficient, and unprotracted procedure for the synthesis of amides from unactivated ester derivatives and amino alcohols using a catalytic (10 mol%) quantity of tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP, 2) 17 as a base (Scheme 1). The reaction was posited to proceed through an initial transesterification event mediated by BEMP which liberates an equivalent of alcoxide base capable of catalyzing a further reaction cycle. Rearrangement of the intermediate ester is then thought to lead to the thermodynamically more stable amide product (1) . In this study, we present our work in relation to the mechanistic aspects of this base-catalyzed process, as well as a complete report on the scope and limitations of the reaction. Additionally, we demonstrate the applicability of the process to a new reaction manifold enabling the synthesis of oxazolidinone derivatives.
Scheme 1.
Organobase-mediated amidation of esters with amino alcohols.
Results and Discussion
Investigation into reaction mechanism. As intimated in Scheme 1, we reasoned that the reaction proceeds via an initial transesterification process, to yield an intermediate ester represented by 4. Based on this, we aimed to independently prepare a compound of this type and determine if it was capable of undergoing the requisite rearrangement to the observed amide product. Scheme 2 depicts the preparation of an appropriate test substrate, using a 1,1'-carbonyldiimidazole (CDI) mediated esterification, 18 followed by acidolysis of the Boc protecting group to yield the salt 6. We initially attempted to isolate intermediate ester 6 using the conditions established in Scheme 1 (10 mol% BEMP in MeCN), however, this was not successful as presumably the esterification is reversible if rearrangement to the amide cannot take place. Treatment of 6 with an organic base then enabled smooth conversion to the desired amide product 7 in high yield (95%). This result indicated that the intermediate esters represented by 4 (Scheme 1) were competent in rearranging to the amide product.
Scheme 2.
Preparation of an ester intermediate to probe mechanism.
Previously, we had considered this process to be intramolecular in nature. Accordingly, we designed a series of probe molecules to confirm this proposal, and exclude any potential intermolecular amidation pathways. In the first instance, we conducted a competition experiment, condensing ethanolamine and propylamine with methyl phenylacetate (Scheme 3). In this case, the exclusive product obtained was ethanolamine-derived amide 8 in high yield, supporting the view that a more favourable transesterification and subsequent intramolecular rearrangement was operative.
Scheme 3. Competition experiment.
With this information in hand, we then designed a series of probe molecules which could offer additional support to the notion of an intramolecular rearrangement. Accordingly, we examined the effect of homologation of the amino alcohol partner on reaction yield (Figure 1 ). Increasing the chain length would be anticipated to have a deleterious effect on conversion due to the increased flexibility of the system, which then disfavours the required rearrangement of the proposed intermediate ester to the target amide. Additionally, when increasing the chain length of the amino alcohols, the cyclic transition states arising from the proposed intramolecular rearrangement increase from a five membered ring with ethanolamine, through to an eight membered ring with pentanolamine. The strain associated with the differing cycle sizes are calculated as follows: five membered, 6 kcal/mol; six membered, 0.1 kcal/mol; seven membered, 6.2 kcal/mol; eight membered, 9.7 kcal/mol. 19 From consideration of this aspect of the reaction, it can again be reasoned that longer chain amino alcohols should be less competent substrates. If an intermolecular process leading to a direct amidation was applicable, then it could be anticipated that the reaction yield would not be significantly affected by homologation over the range examined in the current study. Consideration of a range of products with increasing chain length (8, 10a-c, Figure 1 ) under the standard conditions outlined in Scheme 1 confirms this to be the case; extending the chain length to the butanolamine analogue 10b results in a significant erosion in yield compared to 10a, with the pentanolamine system 10c completely failing to form. The effect of the acidic pKa of the alcohol moiety is not believed to influence the observed yield; if an increase in acidic pKa was noted then it would disfavour initial deprotonation and retard the overall process. Consideration of the relevant pKa values for propanolamine, butanolamine and pentanolamine are all around 15, 20 indicating the differences in reactivity observed in homologating the amino alcohol species are unlikely to be attributable to changes in pKa. These results lend further credence to the initial hypothesis of an intramolecular rearrangement following transesterification.
We next examined a further set of substrates (10d-f, Figure 1 ) which could provide additional evidence in support of our proposed mechanism. The 4-hydroxypiperidine amide 10d is a conformationally locked analogue of the propanolamine derivative 10a and was thus anticipated to be too constrained to undergo rearrangement to the amide following transesterification, which is consistent with the conversion observed in this case. Additionally, the benzylamine-derived product 10e is not an effective substrate from both enthalpic and entropic considerations. An analogous amide product 10f was successfully isolated, albeit in reduced yield in comparison to aliphatic-based progenitors, indicating the tolerance of phenols as substrates. By contrast, however, the isomeric amide system 10g did not form under the standard conditions developed, presumably due to the lower nucleophilicity of the aniline in the context of the ester rearrangement, which indicates a potential limitation of the current approach with this class of substrate. In the last part of this aspect of the study, we sought to establish relative rates of conversion between a secondary amine in comparison with a primary amine, and upon comparing an amino diol with an amino alcohol. Compounds 11a and 11b ( Figure 2 ) could be isolated in excellent yields (91 and 88%, respectively) using the existing protocol and these were used together with compound 8 to assess conversion to each product as a function of time. The data which emerged from this experiment indicated rapid conversion to product in each case and in a relatively short timeframe (less than one hour). There was little difference between any of the substrates in terms of their rates of conversion, with the amino diol 11b exhibiting a marginally faster temporal profile. No evidence for the corresponding ester intermediates could be detected in the HPLC assay, suggesting this is potentially the rate determining step and rearrangement to amide product is extremely rapid in each case. Scope of the amidation process. In the second part of this study, we aimed to more fully delineate the scope of the reaction. In order to evaluate this, a broad range of ester derivatives and amino alcohols were examined using the established reaction conditions (10 mol% BEMP, MeCN, room temperature or 40 ˚C, 15 h), and the results of this survey are presented in Figure 3 . Various substituted benzamide systems (12a-e) can be readily accessed and in good to excellent yield. Again, where yields are lower at room temperature, application of modest heating (12b) is effective in furnishing high yields. Aliphatic ester derivatives (12f-h) also perform well in the reaction which is useful for the synthesis of lead-like compounds 21 in a discovery chemistry setting exemplified by 12g and 12h. In relation to this, the synthesis of heterocyclic amide derivatives is an important objective in a medicinal chemistry effort, 22 therefore evaluation of the current methodology using such substrates is warranted. Accordingly, a raft of different heterocyclic motifs exemplified by compounds 12i-t were examined. Pyridine (12i, 12l), pyrimidine (12k, 12p), pyrazine (12j), pyrrole (12o), thiophene (12q) and furan (12r) all perform well along with saturated heterocyclic motifs such as 12s and leadlike architectures such as 12t. Focusing on the triazole-derived motifs, compound 12m was isolated in a low yield of 28%. However, we attribute this to the poor solubility of both the ester starting material and product itself in the reaction solvent. By contrast, the corresponding methylated analogue 12n is completely soluble in the reaction milieu, which is reflected in the excellent yield (94%) obtained with this compound. Additionally, to enable a direct comparison between the current catalytic approach and existing stoichiometric methods, we independently prepared the pyrimidine derivative 12p using 23 as a coupling agent with the corresponding carboxylic acid (Scheme 4). Pleasingly, the catalytic approach described here performs well in comparison to a standard coupling reagent, furnishing 12p in a slightly improved yield over the existing method, with the clear advantage of obviating the need for stoichiometric reagents and generation of associated by-products .
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Scheme 4.
Comparative synthesis of 12b with stoichiometric reagents.
In addition to the straight-chain amino alcohol systems discussed above, we also examined further range of substrates as outlined in Figure 4 . (S)-Prolinol proved to be an effective nucleophile with benzoate esters (13a), cinnamate derivatives (13b), heterocyclic systems (13c, 13d) as well as alkyl esters (13e). Amide 13a was also prepared from methyl 4-bromo-2-chlorobenzoate and (S)-prolinol on a 2.5 g scale in excellent yield, which serves to demonstrate the utility of the method for larger scale synthesis. Other amino alcohols derived from proteinogenic amino acids such as phenylalaninol were also competent substrates in the reaction (13f) allowing access to peptidic structures. Further evaluation of secondary amine derivatives as nucleophiles showed that these to be robust substrates as exemplified by compounds 13g and 13h. As discussed above, amino diols performed well in the reaction and amide 13i is a further example of this substrate class. Secondary and tertiary alcohols represent a more significant challenge which can be ascribed to a more demanding initial transesterification reaction. Having stated this, application of modest heating enabled the isolation of 13j in good yield using our catalytic process. In the case of tertiary alcohols, we could not prepare amides from electron-neutral substrates such as methyl phenylacetate (leading to In the concluding part of our study, we turned our attention to application of the methodology to the synthesis of oxazolidinone derivatives. These important heterocyclic motifs are used widely in both asymmetric synthesis 24 and medicinal chemistry, 25 therefore a mild and efficient approach to their synthesis would be attractive. Typically, oxazolidinones are synthesized by the reaction of a suitable amino alcohol and diethyl carbonate in the presence of excess base (e.g. K 2 CO 3, NaOMe) whilst heating, usually to temperatures in excess of 100 °C. 26 Given that we had established that formation of an intermediate ester followed by cyclisation to an amide was taking place in the amidation reaction, it was reasoned that this could be exploited in the synthesis of oxazolidinones. Adapting the reaction conditions outlined above could potentially offer a favourable alternative to the typical synthesis of such compounds, having the advantage of being performed at significantly lower temperatures and through the use of catalytic amounts of base. A brief survey of stoichiometry of the dimethylcarbonate (DMC) starting material was carried out in a model reaction with phenylalaninol (Table 1) . Given the low cost and abundance of DMC in relation to the amino alcohol precursors, we elected to use an excess of this reagent. To afford the highest probability of success, we also examined the use of slightly elevated temperatures from the outset. Pleasingly, we observed good levels of conversion to the desired product in each of the reactions attempted. From this short screening exercise, we confirmed that 3 equivalents of the carbonate component was optimal, which provided encouragement to explore the synthesis of a small range of oxazolidinone derivatives using this approach ( Figure 5 ). Considering the focused sub-set outlined in Figure 5 , a range of oxazolidinone derivatives could be prepared using an appropriate amino alcohol and dimethyl carbonate under relatively mild conditions using catalytic BEMP, and in generally good yield. Amino alcohols derived from proteinogenic amino acids were very effective in the reaction (14a-c, 14e), while ethanolamine gave acceptable yields of oxazolidin-2-one (14d). Aminodiols were also tolerated in this process, leading to products such as 14f in excellent isolated yield.
Entry
Conclusion
A mild and efficient synthesis of amide derivatives from esters and amino alcohols has been reported using an organic base as a catalyst. The full scope of the reaction has been evaluated including application towards amide products of potential pharmaceutical relevance and extension of the methodology towards the preparation of the versatile oxazolidinone motif. Additionally, through design and study of appropriate probe molecules, the mechanism of the reaction has been delineated, indicating an initial transesterification is taking place, followed by rapid and facile rearrangement to the corresponding amide products.
Experimental Section
General Methods. All reagents and solvents were used as obtained unless otherwise stated.
Purification was carried out according to standard laboratory methods. 27 BEMP was purified by vacuum distillation from CaH 2 and stored in a septum-sealed oven-dried flask over previously activated 4 Å molecular sieves and purged with and stored under nitrogen. Reactions were carried out under Schlenk conditions using oven-dried glassware, which was evacuated and purged with N 2 before use. Thin layer chromatography was carried out using aluminium-backed silica plates which were analysed under 254 nm UV light or developed using potassium permanganate solution. Flash chromatography was carried out using prepacked silica cartridges. 1 8, 12a, 12b, 12c, 12f, 12i, 12q, 12r, 13c , 13e, 13f and 13j were reported in our earlier communication. 15 
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